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1. Introduction

The next decade promises an explosion of information about the infrared
sky J-10]1 wavelengths from 1 gmto 1,000" pm, in the continuum and in
spectral lines. Measurements of objects ranging from comets in the Kuiper
Belt to newly-forming galaxies will be useful for al most every branch of
astrophysics. The number of catalogued itifrared source.s will increasc a
thousand-fold fromthe 600,000 presently known{rom 1]{ AS. This talk ad-
dresses the compelling scientific interest of the infrared and deseribes why,
years from now, astronomers Will view this decade as a golden era for the
exploration of the infrared sky.

1.1 FUNDAMENTAL ASTROPHYSICS MOTIVATES INFRARED SURVEYS

Iundamental physical and astrophysical reasons have encouraged astron-
omers to target infrared wavelengths for many of the sur veys pla nned for
the next decade:

- Infrared surveys are alimost iimmu ne to absorption by interstellar dust.
The extinction in the Kband (2.2 jm) is almost a factor of ten Jess,
inmagnitudes, than that in the V-barid, and still less at lo nger wave
lengths. The lack of dust extinction makes astrophysically iinportant,
but optically obscured regions such as protostars andihe nuclei of ac-
tive galaxies accessible, enables a complete census of objects in the
Galactic Plane, and makes possible an unbiased cou nt of external
galaxies almost dow ntothe Galactic Planc.

- Low mass stars of spectral types K and M comprise the dominant form
of (known)baryonic mass in galaxics. Since the photosphieric cinission
from thesestars peaks inthe near- 1R, infrared surveys of galaxics trace
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the stellar mass distribution directly whereas visible light obscrvations
trace hotter, you nger stars that may show a different, more irregular
distribution. Jurther, if a significant fraction of the “missing” mass of
galaxies is inbrown dwarf stars, then the emission from these objects
peaks inthe infrared as wall.

- The interstellar medium (1SM) is prominentin Inid-arid far-1]{ wave-
lengths. Dust grains absorb starlight and rcl-radiate the energy at
wavclengths ranging from a few microns in thie most energetic sources
tolongward of’ 1111111, In addition to cmitting a broad continuum,
interstellar dust shows numerous spectral features that are indica-
tive of grain composition and physical conditions. The 1R is also rich
il vibration al-rotational and fine structure lines of ma ny clements,
molecules, and ions. The study of these lines, some of which are the
dominant cooling transitions for entire galaxies, oflers important in-
formation on physical conditions wit hin a wide variety of astronomical
Sources.

- Finally, the expansion of the Universe inexorably  reel-slliftstllcc])e] gy
of the early Universe into the infrared. The visible and ultraviolet light
of hot youngstars (0.1-1 jun)and the spectral lines associated with
st ar-forming regions 01”7 acti ve galactic nuclei (AG N) move into the
near-1R for ariobjects with redshifts of 5 10. TTc infrared emission
associated with star- bursts itself suflers sig nificant redshift in distant,
objects. Thie energy associated with star formation is emitted around
100 san atl zero redshift; hence dusty, primeval objects may only be
found al wavclengths between 300-1,000 .

1.2. ADVANCED TECIHNOLOGY ENABLIES NEW SURVE YS

The factors of’ thousand(s) of improvementin survey depth and spatial
resolution that are possible now relative to carlier surveys are due to three
technological revolutions:

The first 1R surveys such as the T'wo Micron Sky Survey (1'MSS), the
Air Yorce Geophysical laboratory Survey (AI'GL),and the Infrared
Astronomical Survey (IR AS) were obtained using a small number (1-
100) of detectors, New surveys such as the 2 Micron All-Sky Survey
(2MASS; Skrutskic ¢t al. 1996) and the various surveys planned for the
9)):icc 1]IflaJctcd K'lest.ol)cl” acility (SIRTT) will take advantage of arrays
as large 256G X 256.T hese arrays ofler background-limited performance
cven from space and provide thousanids of pixels of information with a
single exposure. Today ’s state- of-the art ininfrared arrays ranges from
256% 266101024 X 10'24 at. 1-5//111, 128 X 12810256 X 256 from 510




INFRARED SURVIEYS 3

pan, and 32 X 32 for 40-120 jan. Ouly for wavelengths longer than 120
jan is the technology Timited to arrays of foewer than 100 detectors.
The ability to work from space with cold telescopes is critical to sen-
sitivity in the infrared. Iiscaping the Farth’s atmosphere allows two
huge advantages: freedom from atmospheric obscuration that other-
wisc limits observations to a few translucent windows; and reduced
thermal background that results in observations (o a given sensitivity
on similarly-sized telescopes being a million-times faster from space
than from the ground. A number of satellites have demonstrated the
advantages of space-borne 1R telescopes, including: IRAS, the Cosnic
Background Iixplorer (COBE), the Infrared Space Observatory (1S0),
and the Japancse Infrared Telescope in Space (IRTS).

Finally, advances in high performance computing arc critical to large
scale surveys. All-sky surveys like 2MASS and its Fauropean counter-
part DENIS produce up to 20 GByte of data per day and over 10
Terabytes during a complete survey. Powerful workstations with inex-
pensive disks and millions of floating point operations per sccond are
a sme qua non. Disseminating the results of these surveys cfliciently
will take advantage of the ever-expanding global networks.

2. Overview of Infrared Surveys
2.1. A SURVEY FIG JRE OF MERIT

With all these technological advances, the infrared is now approaching the
all-sky sensitivity already achieved at other wavelengths. Figure 1 shows
survey detection limits over the complete electromagnetic spectrum, from
the radio to gamma: rays. A few, very-deep pencil beam surveys from 150,
HST, and SIRTIE are also shown. Table 1 lists the properties of some past,
on-going, or planned surveys. While the radio and optical surveys (partic-
ularly the Sloan Digital Sky Survey (SDSS)) lead other wavelength bands

m overall sensitivity, the infrared is catching up.

Of particular interest is the volume that a particular survey explor
This figure of merit tells how well a particular survey can both find rare
objects and detect large numbers of objects of various classes 1o determine
their spatial distribution and other statistical propertics. The survey vol-
ume is proportional to the survey solid angle and, in Iuclidean space, to
the cube of imiting distance. Since the limiting, distance is proportional to
the square root of the limiting flux density, we can write:

. Q v, -1
Reclative Volume - - !

QURAS)\v1,(1RAS)
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Pigure 1. A comparison of surveys aa oss the entire electio magnetic spectram shows

the greatest sensitivity in encrgy per logarithmic inter val (127',) has been achicved in

the optical and radio. Surveys plotted include: the VI A First radio survey, the planned

COBRAS/SAMBA all-sky survey in the submillimeter, the various 1RAS bands {from the
Faint Source Survey, the Wide-Ficld Infrared Fxplorer (W1 RE), the 2MASS and 1 )1INIS
sur veys in the near-1R, the 01 iginal T'wo Micron Sky S vey (1MSS), the Palomar Ob-
scrvatory Sky Survey, (]OSS) and the Sloan Digital Sky Survey (S1)SS) in the visible,
the R OSAT and Einstein Surveys in the X-ray region, and the BLGRET survey from the
Gamina Ray Obsarvator y. A few very deep so 1 veys with small sohid angle coverage ar ¢
shiown in g 1 ¢y, c.g. th ¢ 150 Serendipity Survey, thellubble Deep Ficld and its potential

NICMOS follow-up, various 1SO and SIRTE deep surveys.

where we have normalized the volume relative to the ~96% sky coverage
of the IRAS Survey.

Iixamination of Table 1 shows that the Sloan Digital Sky Survey (S1)SS)
will probe thie largest volume of space at the high-energy end of theinfrared
(0.7-0.9 pm). However, the 2MASS and DISNIS surveys, SIRT, the Wide-
I'ield Infrared Explorer (W1 RI3, desceribed elsewhere at this conference),
and ESA’s recently selected COBRAS/SAMBA mission Will all explore
iportant wavelength bands with great sensitivity.
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TABLYE 1  Sclected Infrared Point Source Surveys

Survey Name Wavelength  Sensitivity Arca  Relative Volume

(run) (mdy)  (sq.deg.) (1°'SC-60= 1)
SDSS 0.7 0.0018 10,300 1.7x10"
COBRAS/SAMBA 350 20 41,250 G50
SIRTE 3 0.0014 2 42
2MASS 2.2 1 41,250 29
2MASS/DENIS 1.25 1 41,250 124
WIRL 25 1 400 11
HST-NICMOS 16 3x10°° 2.5x107° 6.9
DINIS 2.2 2 20,600 5.1
IRAS PSC/1°SC [€4] 250 39,600 1.0
SIRTI 70 0.5 2 0.6
IRASIPSC/I'SC: 25 200 39,600 0.38
1IRAS 1'S(: 10(1 1,000 39,600 0.27
IRAS 18C 12 150 39,600 0.19
1S0- CAM | arallcl 6.7 1 33 0.12
1SO-PHOT Screndipity 180 2,000 4,125 0.024
1SO-CAM Licep 15 0.3 ! 0.08
1ISO-CAMD cep 6.7 0.05 0.2 0.07

2.2. GROUNI)-13A SED NFAR-IR SURVEYS

T'wo near- IR sky surveys are presently underway. The 2MASS survey will
start inmid-1997 to survey the entiresky to sensitivity limits of 15.8,15.1,
and 14.3 mag at wavelengths of 1.25 (3), 1.6[) (11) and 2.2 yun (Ks). The
Isuropean D IENIS project is aready surveying the Southern sky at 1, Jand
I down to comparable limits. These surveys will detect ~300-500 million
stars (]<< ]4.3 mag)and 1million galaxies (K< 13.5 mag) andshouldbe
completeby the year 2000. One of theimportant aspects of the near-111
surveys is tliat along wavelenigth bascline is necessary to identify inter-
esting objects 1 11 these vast sou ree catalogs. The ncal-11{ colors of most
objects cover only a small range of values. The addition of one or more op-
tical bands (from simultancous Fbhand measurenents for 1ENIS and from
1'0SS 1, 1'0SS-1Tor S1)SS for 2M ASS) breaks this degenceracy, enabling the
identification of interesting galaxics, quasars, andlate type stars (I'igure 2).
Association of near-1R sources with optical, radio, aud X-ray identifications
will be straight-forward with the < 17 positionalaccu racy of these cata-
logs. 1)etection of propermotionsrelativeto 1 *OSS 1 will give a 40-50 ycar
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bascline to identify nea rby stars.

2.3. SPECTROSCO)’1IC SURVEYS FOLLOW SPATIAL SURVEYS

0 n c e an initial reconnaissance has been carried out ina new wavelength,
spectroscopic surveys become important to characterize the nature of par-
ticular objects and to study the physical conditions in the diffuse medium.
The infrared is only now obtaining these critical data. The IRAS T 0w Res-
olution Spectrometer measu red the brightest, ~5,000 sta rs from 7 1o 18
pm. The COBE Far Infrared Spectrometer (FIRAS) made all-sky spectral
maps at. low spectral and spatial resolution and measured the global prop-
ertics of a few key spectral lines in the ] SM  of our Galaxy, c.g. [Cl1] at
157 pmaand [N]11 at 205 pon (Wright el al. 1991). But the greatest step
forward inthis arca is taking place now with the flight of 1SO. Perhaps the
greatest legacy rom 18O will be spectra Obtained withits Short and Long
Wavclength Spectromete rs (SWS and JWS), the 1ISOPH OT- Spectror neter,
and low spect ral resolution images obtained with ISOCAM. Together these
instruments provide unparalleled access to the 2 to 200”7 i spectra of all
types of astronomical objects at a variety Of spatial (3”7 to 3') and spee-
tral (12 ~5010 30,()()0) resolutions. These data are just becoming coming,
available, but thie wealt h of information is spectacular:
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Lines previously obscured by the Farth’s atinosphere, such as ther-
mnally excited transitions of 1120 and 12, as well as lines of condenised
volatiles such as CO2 and 1120 ices have been detected toward late
type stars and embedded young stars.

Maps have been made in various gas lines and dust features in regions
snowing a broadrange of density and photon energy density. Th ese
maps Will make possible realistic physical mn odels of gas excitation,
dust and chemi cal abundatces in obscured regions.

Fine-structure lines of elements, e.g. Neon, al various ionization stages
are extremely useful diagnostics of the density, temperature and ex-
citing spectra. Because they can reach into highly obscured nuclei of
galaxics, they arc invaluable for addressing the nature of the power
source, star-burst or black h ole, in those nuclei.

The Japanese RIS mission systematically mapped about 10% of the
sky at modest spectral resolution with a 8 beam and will complernent 1SO
spectroscopy of specific sou rees. IRTS will provide spectra of thousands
of stars and detailed information on the distribution of various gas phasc
species, PAlls and other grains throughou t the ISM | e.g. Onaka ¢t al. 1996.

A number of future infrared missions Will carry out spectroscopic sur-
veys, including:

The Submillimeter Wavelength Satellite (SWAS) will be Tau nched in
1997 and will take ~500 Gz spectrain specific lines of 11,0, O2, CO,
and €, toward molecular clouds and galaxics to help understand the
distribution of these fundamental species.

- SIRTF will take modest- resolution spectra of thousan ds of faint galac-
tic and extra-galactic sources from 5 to 40 gan.

- SOI1 A will obtain spectra with particular emphasis 011 high spectral
resolution measurements in the submillimeter.

- FIRST will provide complete spectral coverage of sclected areas with
Tkins ! resolution for 100 > X > 800 jim.

3. Representative Science Projects for Next Generation Surveys

Some of the most important questions in astrophysics will be addressed by
the spatial and spectral surveys, pla nned or now underway. The following
list is hardly exhaustive, bhut represents the breadth of science possible with
surveys expected within the next decade.

3.1, THE LOW-MASS END OF THE MAIN SEQUENCIE

One of the first uses of the near-1R surveys will be to determine the shape
of the low-mass portion of the stellar luininosity function and to scarch for
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Figure 8. The number of M dwarl stars of different types expected in the 2MASS
survey.

isolated brown dwarf stars. 1t is diflicult to answer these qucestions in the
optical due to the faintness and redness of these stars, and to the uncertain
conversion from magnitude to mass. Ixisting visible data on the lowest
Inass stars arc ambiguous and stars of low mass could still account for a
significant amount of the mass in the solar neighborhood (Mera et al.
1996).

Data from the 2MASS prototype camera have already increased the
number of stars known 1o be later than MS by 30% and identified the
lowest mass field star, >M10.5V (Kirkpatrick et al. 1996). Vigure 3 shows
the numbers of M dwarf stars that might be expected in the 2MASS survey.
It is interesting to note that the one brown dwarf detected to date, GI, 229
B has the near-1R colors of an A0 star due to decp CHy absorption at
1.2 and 1.6 pun (Oppenheimer ¢t al. 1996), but when the visible band
color is added, the remarkable properties (R-Ke 10 mag!), of this object
stand out in the upper right corner of Figure 2. The 2MASS magnitude
limits correspond to distance limits of 5 10 pc for an object like G1, 220 B.
Assuming a flat mass function beyond the terminus of the main sequence
we find that there might be as m any as 600 brown dwarfs in the mass- range
between 0.08 and 0.02 Mg in the full-sky 2MASS survey.

The wavelength of peak cmission from objects less massive or older than
G1. 229 B shifts further into the thermal infrared where scensitive observa-
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tions are possible only from space. The 5-18 gm camera 011 1S(), ISOCAM,
will scarch for brown dwarfs ina variety of environments, including:

- Targeted surveys in Ophiuchus and the Hyades to look for young, high
Luminosily objects.

- The Parallel Mode survey at 6.7 pmm will examine ~33 sq. deg. to 1
mJy (100 timnes deeper than1RAS) to look for field brown dwarfs.

- A shdlow, wiclc-area survey will examine afew sg. deg.to 1 mJy

- A number of deep, highlatitude surveys at 6.7 and15 um will look for
very faint brown dwarfs over 0.2-1 sg. degrec to 0.05- 0.3 1nJy.

-1)cep maps of external galaxies will look forbrown dwarf halos.

The ultimate mission to scarch for clusive field brown dwarfs will be the
WIRI mission which will be launchedin 19{)S. WIRI will cover 400 square
degrees with themdy sensitivity necessary to detect brown dwarfs over the
entiremass-age plane. W] RIS will cither find field brown dwarfs or set a
definitive limit to their local space density.

3.2.TNE STRUCTURE OF THE GALAXY ANI) THEISM

The Galactic plane beyond a distance of 1 kpe is almost completely ob

scured at visible wavelengthis. Infrared studies from COBY and IRAS sug-

gest that the Galaxy has a bar (Weinberg et al. 1992; Blitz and Spergel,
1991). 2MASS and DINNIS will find AGB stars (K;<10 mag) across entire
galaxy to testthis assertion aud to determince the horizontal and verti-
cal scale lengths of ma ny late-type stars. 1S() and the infrared instrument
on the Mid-Course Space I'xperiment (MSX; I'rice, this conference) will
make ~1 () pmmaps of selected arcas of the plane with far higher spatial
resolution and sensitivity tha n was possible with 1 RAS.

Thelarge scale strut.tum of theISMhas aready beenmappedbylRAS
and COBL. Recently, all the 60 and 100 ymiIRAS data within:14° of
the plane wore processed with the High Resolution (11H1R15S) algorithin
(Aumann et al. 1990; Cao ¢l al.1996) to reveal newstructuresinthedust
emission. The IRAS HIRES maps have ~ 1’ resolution and can be compared
directly withradio data in11(from 1) RAO)and CO (from FCR AO) lines
to yield acomplete picture of the energetics and kinematics of the gas
(atomic andmolecular) aud the dust.

ISO has revealed the presence 0f  compact regions within molecular
clouds haviug I, (200 yin) > 5074, (60 yun (Laurcijs o al. 1996; Bogun
clal. 1 996). Complete spectral energy distributions of cloud cores fromn a
combination of 1RAS, 1,50, andIRT'S observations will be used to unravel
the contributions of diflerent dust populations and heating mechanisms. A
complete survey of the cold component of the ISMmust await the launch
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of the COBRAS/SAMBA satellite which will make all-sky maps with 5/
resolution in the submillimeter.

3.3. THE STRUCTURY OF THE LOCAL UNIVERSLE

Deep, near-1R pencil-beam surveys from ground-based telescopes have es-
tablished the K luminosity function of galaxics to K~24 mag and have
probed galaxy evolution at redshifts z < 3 (Cowic ¢t al. 1994; Djorgov-
ski ¢t al. 1995). Small K-corrections and negligible effects of dust make
conversion of source counts into a luminosity function straight-forward for
comparison with evolutionary models. Although the eficets of evolution do
not appear 1o be as pronounced in the K counts as at optical wavelengths
(Djorgovski ¢t al. 1995), some evolution is required for an € ~1 Universe.

Variations in the galaxy counts at the bright end (K<15 mag) arc found
in different parts of the sky, implying the existence of structures on the scale
of 300 b= ! Mpc (Huang et al. 1996). Investigating these variations is a fun-
damental goal of the 2MASS and DINIS surveys. The near-1R surveys will
be more uniform in their coverage of galaxy types than IRAS which was
biased toward star-forming spirals. Preliminary analysis of 2MASS proto-
lype camera data indicates that cllipticals and spirals are detected almost
cqually well out to redshifts of z ~ 0.1 (INigure 4).

3.4. A UNIIFORM CENSUS OI' QUASARS

The Tack of a near-1R sky survey leaves unanswered important questions
about quasars and other energetic objects: Is there a missing population
of dust-embedded quasars that has been missed in oplical surveys? ls
there a missing link between JRAS ultra-luminous objects and UV-sclected
quasars? The broad range of optical-1R colors for radio sclected quasars
suggests that up o Ay ~ 5 - 10 mag of dust might be present in a parent
population of quasars and that only a small, un-extincted part of that pop-
ulation may have been found in optical scarches (Webster et al. 1995). A
number of authors have contested this view based on optical follow-up of
red, radio- sclected quasar-candidates (J. Wall; this conference) and of X-ray
sclected quasars (Boyle and diMatteo 1995). These arguments are neces-
sarily indircet and deep red-sensitive surveys such as SDSS and 2MASS are
required for a definitive answer. Iligure 5 (Beichman ¢t al. 1997) shows how
the surface density of a given population of quasars might vary at diflerent
wavelengths for diflerent amounts of dust. Iixtrapolation of optical source
counts to the near-1R using quasar colors (Elvis ¢l al. 1994) suggests that
2MASS will find ~ 0.3 quasar per sq. deg. at K ~14.5 mag in the absence of
dust. Vinding significantly more quasars than this value might imply that
extinction has hidden a significant part of the true quasar population. Al-
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Figure 4. A paencil beam su vey showing 2MASS galaxices detected with the prototyye
camera toward Abell 262. Galaxics are scen far beyond the cluster yedshift of 3,000 kmn
s ! (Muchra and Schuicder, private communication).

though optical surveys are biased cven by sinall amounts of dust, the S1 )SS
will be sufliciently sensitive over a broad cnough arcathat it shouldfind
all but the most d eeply redd en ed obj ects. The combination of these two
surveys will unambiguously determine the population of nearby quasars.

There is as yet insuflicient data from 2MASS or D ENIS to determine the
near-1R quasar density. Llowever, the first 2MASS QSO has been identified
through its red optical-1R colors. Optical folow-up of objects ina ().15 sq.
deg. regionled to the discovery of arclatively ncarby, low luminosity quasar
al z- 0.147 (Beichmanet a. 1997).

3.5, THESEARCHIOR PROTO-GAL AXITES

When did the first galaxics originate? 1)id galaxics form via collapse of
larger objects, o1 through agglomeration Of smaller clu m ps? The an swers
to these questions Will be found through observations of objects at z~5
and demand surveys intwo separate 11{ wavelengt hs regimes:

Observations in the necar-1R to find the cmission from redshifted UV-
Optical light from young galaxics.

Observations in the far-1R and suby millimeter to find the emission from
dust heated by UV-Optical li ght in you ng galaxics.
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Figure 5. T'he smiface density of quasars expected in different surveys as a function of
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K, and a representativebluesurvey withthe 1°0S S,

Which spectral region is most important depends onthe unk nown rate
of dust formation in proto- galaxies. While the Hubble Deep Iield (11)17)
rep resents the first 1ook at individual objects in the carly Universcat Vo~
30 mag (1), objects at very high redshift will be much brighter in the near-
IR than in the optical. It will be fascinating to sce what the NICMOS
observations of the HDF reveal when that instrument is Jaunched carly
next year. At wavelength s longer thau those probed by NICMOS, mid-1R
surveys will look for starlight and very hot, dust inyoung galaxies. ISOCAM
surveys are presently underway at 6.7 and1dm, and WIR1S surveys arc
plannedat 12 and 25//111, which will reach to 2 ~ 1. SIRTI surveys at 3-8
jun will be sensitive to 1., galaxies out to 2 > 5.

If dust plays a strong role in the ap p carance of proto galaxies, then
far-infrared and submillimeter observations are essential to study galaxy
formation. Some interpretations of the COBISFIRAS data suggest the ex-
istence of a significant extra-galactic backgrou nd (Abergel et al. 1996)
due to distant, young galaxies. SIRTI will help resolve this question with
I () jan surveys planned to reach ~ 1 mly aver a few sq. deg. The CO-
BRAS/SAMBA mission Will makea definitive all-sky survey to ~20 mJy
at. @ number Of far-1R and subinm wavelengths, These space observations
will he complemented by millimeter and  sill]-llillil]lct,el  array telescopes on
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the g rou nd whichare also sensitive to the dust continuum cmission from
highredshift sources.
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